selection on pathogen populations [9] . Thus, the understanding of population genetics is crucial to know how populations can evolve in response to different control strategies and agricultural treatments.
Many molecular tools have been applied to assess the amount and distribution of genetic variation within and among fungal populations. Randomly amplified polymorphic DNA (RAPD) method is useful in detection of DNA polymorphisms without prior knowledge of the genome sequence and can be assayed using very small amounts of fungal biomass. For cereal pathogens RAPD analyses have been used to study genetic variation in the Gaeumannomyces-Phialophora complex [10] [11] [12] , Rhizoctonia spp. [13, 14] , Fusarium spp. [15, 16] , Drechslera teres [17] , and Claviceps purpurea [4, 18] . Sequence-related amplified polymorphism (SRAP) is newly developed method useful to study genetic relationship among subpopulations of single species [19, 20] . PCR is performed with two primers of arbitrary sequence. The core sequence CCGG of the forward primer targets exonic gene sequences, while the core of reverse primer AATT binds to the AT-rich sequences of noncoding regions [21] . As a consequence, SRAP preferentially amplifies open reading frames (ORFs) and allows easy isolation of bands for sequencing. SRAPs were amplified in several plant species [19, 20, 22, 23] but information is limited on the use of SRAP markers in studies on fungal genomes [24] .
The present study was undertaken to assess the differentiation of C. purpurea populations. The principal aims of this study were to investigate whether isolates derived from rye plots in plant breeding stations display other variation level than these obtained from rye fields. RAPD and SRAP methods were used to determine the level of intraspecies genetic diversity and find molecular markers associated with mycelium growth rate. To our knowledge, this is the first application of SRAP marker on the study of Claciceps spp. and probably on any member of Hypocreales order.
Experimental Procedures

Fungal isolates and culture maintenance
Sclerotia of C. purpurea were surface disinfected 1-5 min (according to size) in 1% sodium hypochlorite. Five sections (about 1 mm in a diameter) were cut from the sclerotium and such set were transferred onto potato dextrose agar (PDA; Merck KGaA, Darmstadt, Germany) medium amended with streptomycin at 100 μg mL -1 . One of received fungal cultures was randomly chosen for further work. Ninety-two singlespore cultures of C. purpurea isolates were used, among them 45 (P2: numbers 51-100) from plots in plant breeding stations and 47 (P1: numbers 1-50) isolates from rye fields in north-western region of Poland. For all fungal isolates macro and microscopical characterization was made [25] .
Mycelium growth rate estimation
PDA amended with peptone and glucose respectively at 1.5 and 10 g L -1 was used. Linear growth rate of the pathogen mycelium in three replications was assessed after 4 and 7 days of culture in darkness at 20°C. The linear mycelial growth rate per day was calculated.
DNA preparations
Mycelia from 10-day old cultures, grown on liquid medium (5 g L -1 of glucose, 1 g L -1 of yeast extract), were collected by vacuum filtration using a Büchner funnel. DNA was extracted and purified using a DNeasy Mini Kit (QIAGEN Inc., Hilden, Germany) according to the manufacturer's recommendations.
RAPD and SRAP assays
The RAPD-PCR and SRAP-PCR reactions were carried out using a Taq PCR Core Kit (QIAGEN, Inc., Hilden, Germany). The reaction mixture contained 10 ng of fungal DNA, 200 mM of each dNTP, 1 mM primer and 0.5 U of Taq DNA polymerase in 1x reaction buffer with 3 mM magnesium chloride. Twelve random 10-mer RAPD primers: OPA01 -OPA12 (Qiagen Operon, Cologne, Germany) and six SRAP primer pairs (mew-emw: AT-CT, CG-CG, TC-GA, GA-TG, TA-AC, TG-GT) were used to screen the isolates for polymorphism. For final reactions in a whole population two RAPD primers (OPA-05, OPA-08) and three SRAP primer pairs (mew-TC and emw-GA; mew-GC and emw-GC; mew-AT and emw-CT) were chosen. Amplification was carried out in a Biometra Tpersonal 48 thermocycler (Whatman Biometra, Goettingen, Germany) as described earlier [19, 26] . PCR was repeated twice to check reproducibility.
The electrophoresis conditions
The PCR products were separated by electrophoresis in 1.5% agarose gels with 1x TBE buffer (89 mM Trisborate and 2 mM EDTA, pH 8.0) and visualised under UV light following ethidium bromide staining. A Gene Ruler TM 100 bp DNA Ladder Plus (Fermentas GMBH, St. Leon-Rot, Germany) was used as a molecular size standard for PCR products.
Statistical analysis
Firstly, the normality of errors from the model was tested using Shapiro-Wilk's normality test [27] .
One-way analysis of variance (ANOVA) was carried out to verify the hypothesis about lack of differences between isolates for mycelial linear growth rate. Least significant difference (LSD) for growth rate was calculated and homogeneous groups were determined on the basis of LSD. Two populations of isolates (from rye fields -P1 and from rye plots in plant breeding stations -P2) were compared by t-test.
The coefficients of genetic similarity (S) of the investigated isolates were calculated using the following formula [28] :
S ij =2N ij /(N i +N j ), where N ij is the number of alleles present at i-th and j-th isolates, N i -the number of alleles present at the i-th isolate, N j -the number of alleles present at the j-th isolate, i, j = 1, 2, ¼, 92. Basing on calculated coefficients isolates were grouped hierarchically using the unweighted pair group method of arithmetic means (UPGMA). The relationship among isolates was presented in the form of a dendrogram. Additionally, analysis of molecular variance (AMOVA), implemented in the program GenAlEx 6 [29] , was used to compute the distribution of genetic variability among and within populations. Significance levels for variance component estimates were computed using 1000 permutations.
The association between molecular markers and mycelium growth rate of 92 isolates was estimated using regression analysis [30] . The marker observations were tested as independent variables and considered in individual models [31] . We used the critical significance level equal to 0.05. Data analysis was performed using the statistical package GenStat Realease 10.1 [32] .
Results
The results of analysis of variance indicated that C. purpurea isolates differed significantly in mycelial growth rate (Table 1 ). The comparison of growth rate on PDA medium of the 92 isolates and LSD calculation allowed the distinction of 30 homogenous groups including from 6 to 34 isolates (Table 2 ). Mycelial growth rate displayed a normal distribution -the Shapiro-Wilk's test confirmed the distribution was no longer skewed (W= 0.943, P=0.549). Growth rate at 20°C varied from 1.2 mm per day in case of isolate 87 to 3.3 for isolate 46. Some isolates grew two times faster than others. Mean values of mycelial linear growth rate for isolates from rye fields (2.24) and for isolates from plots in plant breeding stations (2.33) ( Figure 1 , Table 3 ) were not statistically different (t=-1.48, P=0.140).
To assess genetic variation of C. purpurea isolates, RAPD and SRAP analyses were carried out. Finally, 28 polymorphic PCR products were obtained, from five to six per primer set ( Table 4 ). The size of PCR products ranged from 0.29 to 3.0 kb ( Figure 2 ). The comparison of each band profile for each primer was done on the basis of the presence (1) versus absence (0) of RAPD or SRAP products of the same length. Each band was assumed to represent a single genetic locus. The highest genetic similarity (equal to 1) in screened genome regions was revealed between the 30 pairs of isolates (27- ], classified by the origin of isolates (P1 -isolates from rye fields, P2 -isolates from plots in plant breeding stations). population variability were found to be highly significant, with 10.0% of the genetic variance contributed by the differentiation between two populations, whereas 90.0% was partitioned into intra-populations ( Figure 4 ). Some associations of four markers with linear mycelial growth rate were found on the basis of regression analysis. The percentage variation of growth rate accounted by the markers ranged from 3.8% for TC_GAd marker to 12.5% for OPA-08b marker (Table 6 ).
Discussion
Claviceps purpurea is an organ-specific pathogen infecting only through the stigma at or shortly after flowering. Five to fourteen days after pollination the chances of infection drop drastically down and later no infection occurs [7] . Moreover, as described earlier formation of extracellular alkaloids is favored under higher rates of growth, while that of intracellular alkaloids is favored under lower growth rates [33] . In our work between particular isolates statistically significant differences in growth rate were found. Some isolates grew significantly slower than others. It was shown that hyphal elongation is determined by transport and deposition of polysaccharides towards the growing apex [34] . Bormann and Tudzynski [35] investigated the role of homolog Mid 1 (stretch-activated calcium ion channel) and recorded that deletion of this gene leads to reduced growth rate and at the same time complete loss of virulence. It seems to be probable that these two features are correlated in some stage of infection process. In general, mycelium of C. purpurea grows faster than mycelia of other Claviceps species. C. sorghicola reported from Japan has mycelial growth average rate of 1 mm per day [36] wheres the growth rate of C. africana and C. sorghi originated from India was below 0.1 mm per day [37] .
Although the morphology, physiology and hostpathogen interactions of C. purpurea have been studied, knowledge of the intraspecies genetic variation is still limited. In this study we successfully used two different marker systems (RAPD and SRAP) to assess the level of genetic diversity within and between two population of C. purpurea (P1 and P2). RAPD-PCR methods were applied previously to differentiate many pathogenic fungi, including C. purpurea. Results obtained after crossing of two C. purpurea strains showed that single copy RAPD fragments segregate in a 1:1 ratio, and therefore can be used as genetic markers [18] . It was shown that data from RAPD as well as AFLP analyses were more informative than DNA sequences (i.e., β-tubuline gene or ITS rDNA) for separating the different ecotypes [38] .
Moreover, we proved a usefulness of a novel SRAP method to successfully scan the genomic DNA of C. purpurea. SRAP is considered to be a more powerful technique than RAPD for revealing genetic diversity. SRAP markers should be tightly linked to actual genes, and generate a fingerprint of the coding sequences [19, 21] . Up to now, SRAPs have been applied in very few studies of fungal genomes. The method was adopted to study the genetic variability of Basidiomycota such as Tricholoma matsuake [24] , Ganoderma spp. [39] and Auricularia auricula [40] . In a study on Basidiomycota, seven to 24 polymorphic bands per primer pair were amplified whereas in our study 5 or 6 polymorphic fragments were obtained, partially because of separation of PCR products on agarose gel instead of polyacrylamide gel. Although genetic diversity studies have been conducted on few Ascomycota (i.e., Sclerotinia sclerotiorum) [41] or some endophytic fungi from Taxus using the SRAP technique [42] , so far SRAPs were not applied into Claviceps spp. genome studies.
Our results show that SRAP and RAPD markers are useful methods for discrimination among field isolates of C. purpurea and for evaluation of genetic diversity in fungus populations. High DNA polymorphism was revealed and RAPD/SRAP data were used to characterize isolates. The population originated from rye fields (P1) displayed lower genetic variation than these from experimental plots (P2). As many as 28 pairs of isolates displaying the highest genetic similarity belong to P1 population and only two such similar pairs Based on genetic similarity coefficients, all isolates analysed together were divided into two main groups (GR1 and GR2) on the dendrogram at 53% similarity level. This indicated that the isolates included in these groups differ in 47% in the analysed genome parts. In each group isolates from P1 and P2 population were included. However, in GR1, including 33 isolates, only 27% of them were originated from rye field whereas in GR2, consisted of 59 isolates, as much as 64% were derived from rye field.
In other studies 29 isolates of C. purpurea from various host plants and different geographical origin compared by RAPD analysis showed very high degree of genetic diversity within this species. Two main groups of C. purpurea isolates were established: one group consisted mainly of isolates from Molinia, Holcus and Dactylis species, and the other group contained the isolates from rye and Agropyron [18] . Moreover, the authors have claimed that isolates derived from rye seem to be genetically less diverse than those from other hosts, but only 17 isolates from rye were analyzed.
Pažoutová and co-workers [4] summarized earlier research on morphology, alkaloid biochemistry and genetic diversity. Using 15 RAPD primers they distinguished three intraspecific groups of isolates (G1, G2 and G3) based on habitat specialization. In their analyses the isolates from two main groups described earlier [18] were included and most isolates from rye were grouped with G1 (isolates from sunny and rather dry localities).
Molecular analyses of fungal pathogen variability makes possible finding markers associated with various morphological or physiological traits [12] . In our study, using regression analysis four molecular markers associated with mycelial growth rate were found.
The current results demonstrated that understanding of the diversity and population structure of C. purpurea requires consideration of the extensive variation at the sub-population level. We postulate that genetic background of host plant can be more important for population variability of fungus than strong directional selection imposed by agricultural systems (i.e. plant protection). More extensive studies are necessary to elucidate if growing faster isolates are really more effective in rye infection.
